Introduction
Directed metalation has become a powerful tool for regioselective access to elaborate polysubstitued aromatic and heteroaromatic scaffolds.
Gschwend, Rodriguez, [1] Snieckus, [2] Beak, [2b, 3] Schlosser [4] and Clayden [5] have effectively illuminated the broad scope and utility of directed metalation strategies in synthesis. In this review, we focus our discussion on the rationalization of regioselectivity of metalations at remote positions relative to the directing species or directed remote metalations (DreM, Figure 1 ). Directed remote aromatic metalations have served as key transformations in the synthesis of natural products, active pharmaceutical ingredients and materials.
[2b]
The mechanistic concept of complex induced proximity effect (CIPE), originally introduced in association with directed ortho metalations (DoM), was recently also utilized to rationalize DreM reactivity. [2b] However, a number of recent mechanistic studies of DreM have provided a deeper understanding of these transformations that extend beyond the scope of the CIPE model. In this review, we strive to unravel the tangle of data reported on DreM using a mechanistic framework. Metalation regioselectivities are governed by a combination of kinetic and thermodynamic factors that are highlighted throughout the review. Through careful analysis of critically selected synthetic examples and mechanistic investigations, we offer insights intended to aid chemists in the prediction and rationalization of regioselectivity of directed metalations.
The mechanistic concepts applicable to directed metalations (CIPE, kinetically enhanced metalations, and overriding base mechanisms) will first be succinctly presented and then critically evaluated throughout the review for a series of substrate classes. Reaction mechanisms, and the consequent regioselectivity outcomes, depend on numerous factors including: the rigidity of the reactant skeletons, the nature and strength of the base, the coordinating, electrophilic and migrating properties of directing metalation groups (DMG), the stability of metalated products, the nature of the external electrophiles, the acidity of aromatic hydrogens, the kinetics of reactions among other parameters. DreM reactions are classified here into four substrate categories and each is considered in sequence (Figure 2 , A-D). Firstly, DreM-intramolecular quench sequences (Figure 2, A and B) are discussed and significant driving forces are evaluated. In this category, directed remote aromatic and lateral metalation (B) on flexible biaryl structures bearing an electrophilic coordinating DMG is followed by intramolecular quench of remote anion with the DMG. Isomerization of the remote kinetic anion to the thermodynamically more stable species prior to electrophilic intramolecular quench is sometimes observed and translocation of a migrating DMG is also possible as part of the quench step. Secondly, remote metalations that are quenched by external electrophiles are analyzed (Figure 2, C and D). Trapping of remote anions with external electrophiles has been reported for non-electrophilic DMGs and for electrophilic coordinating DMGs when the rigidity of structures does not allow for subsequent intramolecular quench.
Lithiation on the meta and/or para positions of an arene with respect to the directing group, [6] perilithiations, [7] Parham cyclizations [8] have been recently reviewed and are not discussed here.
Abstract: Directed remote aromatic metalations are useful synthetic transformations allowing for rapid regioselective access to elaborate highly substituted carbocyclic aromatic and heteroaromatic systems. This review unravels the tangle of data reported on directed remote aromatic metalations. Through a careful analysis of critically selected examples, advanced rationalizations of remote metalation regioselectivities are presented. These extend beyond the complex induced proximity effect (CIPE). 
Mechanistic Concepts in Directed Metalation
Metalation by organometallic bases in the vicinity of heteroatomcontaining functional groups often are rapid, regioselective and efficient. [1] [2] [3] [4] [5] [6] The specific mechanistic pathways that allow the directing metalation group (DMG) to enhance the rate and regioselectivity of metalation within its vicinity remain the subject of debate. [2b, 9] Mechanism concepts that are commonly invoked to rationalize metalation regioselectivities are presented below.
Complex induced proximity effect (CIPE):
The CIPE concept was introduced in organolithium transformations to rationalize the formation of kinetic rather than the anticipated thermodynamic products and the acceleration of seemingly unfavorable reactions. [1] [2] [3] According to the CIPE model, a pre-lithiation event brings reactive groups into close proximity before the occurrence of subsequent intramolecular rate-determining metalation at the proximate site (Scheme 1). Over the years, the CIPE concept has provided guidance for synthetic development and rationalization of regioselective metalations including directed remote metalation (DreM). However, CIPE is commonly invoked without direct evidence of complexation to confirm "directed" metalations. CIPE was recently described by Snieckus and Beak as an efficient predicative tool useful as "heuristic model" regardless of the detailed reaction mechanism.
The involvement of CIPE in metalation should not be considered a general concept but rather requires investigation of the specific reaction and the nature of the substrate. In most cases, experimental data are subject to interpretation and a definite mechanism cannot be stated.
[2b, 9b] The literature offers abundant evidence for ligation of lithium to heteroatoms in ground states.
[10]
The formation of pre-lithiation complexes between the organoalkali base and the reactant on the reaction pathway to directed metalation is supported by kinetic data, [11] computational [2b] and IR data [12] in several transformations. [13] A CIPE, or lack thereof, can be manifested by divergent reactions. Scheme 1. CIPE in deprotonation of arenes (Beak and Meyers, 1986) [3b]
Kinetically enhanced metalation: Complex formation before rate limiting transition step is often presented as critical to preorganizing the species undergoing metalation. It is important to note that NMR, IR and X-ray studies can detect stable complexes which may not be on the reaction pathway.
[14] Any number of transiently formed species can precede the rate limiting step with none being kinetically relevant. [11d, 15] Schleyer has postulated a model in which complexation of the base and proton abstraction occur simultaneously. [16] According to this model, directing and accelerating effects of the DMG are attributed to the existence of a stabilizing metal-substituent interaction at the rate determining transition structure rather than to a pre-lithiation complex. The term "kinetically enhanced metalation" was coined as an alternative to the 'complex-induced proximity effect' terminology. The kinetically enhanced metalation model focuses both on agostic interactions between lithium and the ortho hydrogen atoms lowering the energy at the transition state, and on favorable charge distribution in the transition structures (Figure 3) . [16] Figure 3. Four-center transition structure for DoM (Hommes and Schleyer, 1992 In our opinion, both theories (CIPE and kinetically enhanced metalation) furnish a complete picture if adequately combined. [9a] Given the abundant literature evidence for coordination of lithium to heteroatoms in ground states (vide supra), it is very probable that initial approach of the base to the substrate is mediated by strong coordination with the electron-rich π-system of the DMG, leading to a pre-lithiation complex PLC (kinetic control, Figure 4) . The directed ortho-lithiation was suggested to proceed by a twostep mechanism in which initial complexation is reversible whereas second step is rate determining.
[9b] Not only must the reactants be brought together by chelation of the base with the DMG to form a pre-lithiation complex (kinetic control, Figure 4) , they have to be held in exactly the right orientation relative to each other in the transition states to ensure that deprotonation can occur. Both of these factors raise the free energy of the system by lowering the entropy. Some energy also must be invested to begin breaking the C-H bond so that the C-Li bond can form. The directing and accelerating effect of substituents is likely due to the stabilization of both the initial complex and the transition structure. The metal is involved in partial bonds and coordination by the DMG becomes stronger in the transition state than in the initial complex. As a result, complexation increases the rate of reaction by providing a new mechanism with lower activation energy (Ea). There are two transition states, each with its own activation energy (Ea1 and Ea2). The overall activation energy is the difference in energy between the reactant state and the highest energy transition state (Ea). Notably, the geometries of precursor complex and transition structure can be radically different. The relative basicities of n-BuLi in cyclohexane as a function of the addition of increasing increments of THF or TMEDA were recently assessed by kinetics studies and 7 Li NMR studies. [17] A gradual controlled increase in the basicity of n-BuLi was observed with increasing increments of THF or TMEDA. Relationships of the basicity in the varied media to the three oligomeric forms of nBuLi were proposed. Complexations of metal bases to Lewis basic DMGs may likely have a similar effect on the relative basic properties intra-aggregate.
Overriding base mechanism:
The overriding base mechanism suggests that some strong bases react preferentially with relatively acidic aromatic protons without pre-coordination to a substituent. [1, 11d] The mechanism depends solely upon the enhanced acidity of the ortho hydrogens resulting from strong electronegativities of certain DMGs such as halo, trifluoromethyl, and cyano moieties. Inductive effects were advantageously exploited in the metalation of arenes bearing two heteroatom-based DMGs. Weakly solvated organolithium reagents preferentially exploit the coordinative ability of a DMG whereas fully complexed bases (with t-BuOK or PMDTA) do not complex weaker coordinating functional groups/ligands but rather selectively target positions where a negative charge can be most efficiently stabilized blah [4, 18] 
DreM: Early Mechanistic Interpretations
Directed remote metalation methodology is often presented as an extension of directed ortho metalation whereby the directing ability of DMG apparently reaches beyond the ortho hydrogens.
[2b] The labels 'directed remote' metalation or 'throughspace' induced metalation describe metalations assisted by a substituent at position that is 'formally' remote from, but conformationally in proximity to a functional group that is likely to be complexed by a metalating agent (Figure 2) .
[2b] The study of DreM has occurred at a slower pace that of DoM as positions ortho to directing groups appear to be more readily metalable as dictated by CIPE. [2] Early examples of directed remote aromatic metalations were reported on biarylic structures bearing amino groups (vide supra). [19] Cartoon and Cheeseman also reported the directed lithiation of 1-(2'-carboxyphenyl)pyrrole, 1, with LDA to form 9-keto-9H-pyrolo[1,2-a]indole, 3, via the "anionic equivalent of the Friedel-Crafts cycloacylation.' (Scheme 2). [20] The authors suggested the metalation was "directed by the possibly chelated lithium cluster present on the adjacent ring and by the relative acidity of pyrrole hydrogens." [20] [21] ] DreM with nucleophilic intramolecular quench of biarylcarboxamides was reported by Snieckus to afford exclusively fluorenones. [22] Scheme 2. Early example of DreM with cyclization directed by carboxyl DMG (Cartoon and Cheeseman, 1981) [20] DreM methodology has been developed, primarily by Snieckus and co-workers, for a variety of directing groups and substrates. [23] The versatility and practicality of DreM in synthesis was established by a seminal work of Snieckus: DreM proved very dependable without extensive mechanistic insights and acted as a conduit for the synthesis of numerous natural products including dengibsinin, [22] 6-deoxydengibsin, [24] dengibsin, [25] lmeluteine, [23b] defucogilvocarin, [26] piperolactam, [27] β-lapachone, [28] plicadin, [29] eupolauramine, [30] gymnopusin C, [31] triazadibenzo[cd,f]azulen-7(6H0-one, [32] salcomine [33] and homoschatoline [33] ( Figure 5 ). The apparent selective formation of products from intramolecular quench of remote anions was initially interpreted as indirect evidence for efficient regioselective remote metalation first steps. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] The remote regioselectivity of metalation was rationalized initially through the involvement of CIPE only.
[2b] As illustrated in Figure 6 , a DMG 2 functionality was proposed to convert the 'remote' site into a hypothetical 'ortho' site for metalation on the adjacent ring. This rationalization is problematic as CIPE is already used to account for ortho metalation regioselectivities on biaryl substrates.
[34] Given that the hydrogens in the ortho position relative to the heteroatom containing DMG 1 ( Figure 6 ) are more inductively activated and closer to the Lewis basic group than remote hydrogens, it is inadequate to use CIPE alone to rationalize to rationalize both regioselectivities (ortho and remote) on biarylic reactants? Moreover, experimental conditions that favor CIPE (alkyllithium reagents, low temperatures) are known to lead to DoM [34] whereas conditions that are likely to disfavor coordination to DMG (use of amide bases and ligands such as HMPA, tBuOK, higher temperature) preferentially lead to DreM. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] 35] In the following sections, we aim to clarify the driving forces of remote aromatic metalations by highlighting relevant recent studies. The various DreM mechanisms are classified according to structural features of the reactants.
DreM with Intramolecular Quench by Electrophilic DMG
Directed remote metalations on flexible biarylic structures bearing non migrating electrophilic DMGs such as carbamide, carboxylate, or ester moieties form cyclic compounds as sole products. [22-33, 35a] To date, attempts to trap remote metalated species on these systems with external electrophiles has failed. Cyclized products result from intramolecular nucleophilic substitutions of remote anionic species onto the electrophilic DMG ( Figure 2 , A and B).
With an electrophilic migrating DMG such as a carbamate, intramolecular quench of preformed remote anions is possible on both rigid or flexible substrate skeletons. In the following sections, the various mechanisms of DreM with intramolecular quench are unfolded. Driving forces are highlighted and the parameters allowing for efficient remote metalations are discussed.
In Situ Quench Mechanisms and Influence of the Nature of the Base
Mechanisms of DreM-cyclizations were recently investigated on 2-biphenylcarboxylic acid [35a] and 2-biphenylamide. [36] These representative substrates were chosen for mechanistic studies since their scaffolds are prototypes of DreM-intramolecular quench methodology, thus mechanistic information gathered on DreM-cyclization of such structures can potentially be extended to more complex analogous reactants. These fundamental studies are presented below. In contrast to initial assumptions, DreM reactions were found to be non-regioselective. [35] [36] That is, metalation at the ortho position is kinetically favored (via CIPE) even when cyclized compounds from DreM are the only products isolated. DMGs act as intramolecular electrophiles in a similar manner to in situ quench (ISQ) techniques. [37] The flexibility of the reactant structures or/and the migratory ability of electrophilic substituents (i.e. carbamates) allow for rapid intramolecular quench of remote anions. Furthermore, DreM mechanisms are found to be base-dependent.
DreM-intramolecular quench under irreversible metalation conditions.
Example of 2-biphenylcarboxylic acid and LiCKOR: The first thorough mechanistic study of directed remote aromatic metalation was reported on 2-biphenylcarboxylic acid (Scheme 3). [35a] Substrate 4 undergoes metalation in the immediate vicinity of the carboxylate substituent (C3) when treated with s-butyllithium in THF.
[34c, 34d] In contrast, treatment of 4 with the LICKOR superbase (n-butyllithium/tBuOK) [38] affords the fluorenone 7 (76% in benzene at 60 °C) after hydrolysis. This appears to be a regioselective remote metalation. Furthermore, the use of amide bases did not result in remote metalation of 4, presumably because the carboxylate moiety does not activate remote positions through "through-bond" electronic activation to a sufficient degree. A stronger base is a requirement. Importantly, LiCKOR base irreversibly metalates reactants. Scheme 3. Optional site selectivity in metalation on 2-biphenylcarboxylic acid. [34c, 35a] Isotope labelling experiments established that LiCKOR metalates non-regioselectively in both the ortho (C3) and remote (C2') positions of 4 (Scheme 4). The ortho lithiated species 5 (obtained by treatment of 4 with sBuLi) is stable at room temperature and does not equilibrate with the remote anionic species 8. Following metalation at remote (C2') positions the carboxylate moiety 8 reacts with the remote C2' aryl anion via fast and irreversible nucleophilic cyclization to form a stable tetrahedral gem-dialkoxide, intermediate 6, prior to hydrolysis. [35a] This nucleophilic cyclization ultimately drives the reaction towards the formation of fluorenones exclusively. No measurable build-up of a remote anionic species 8 indicates a rate-limiting remote lithiation followed by a rapid annulation. Strong support for a fast and irreversible cyclization step is found in the literature. When 2'-bromo-2-biphenylcarboxylic acid, 2'-bromo-2-biphenyloxazoline, [39] and 1-(2'-bromophenyl)pyrrole-2-carboxylic acid [20] were subjected to halogen-lithium exchange, the 2'-lithiated species could not be trapped by an external electrophile in any case. Within the past decades, reported attempts to trap an anion remote from electrophilic DMGs during DreM-cyclization sequences have repeatedly failed. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] 35] Ortho metalated species 5 also leads to the cyclized structure 9 upon exposure to LiCKOR. Notably, directing metalation properties were also found for gem-dimetalo dialkoxide [C(OM) 2 ]. [35a] Scheme 4. Directed remote metalation of 2-biphenylcarboxylic acid (4) with LiCKOR. [35a] In the above example, the involvement of CIPE is unclear and an overriding mechanism being possible given that LiCKOR is able to efficiently metalate naked benzene rings. [38] The carboxylate moiety might also compete with tBuOK as a solvation ligand. In such case, mixed aggregates would generate agostic hydrogen-metal interactions in the intermediate complexes [40] and delivery of the base by prior coordination to the carboxylate would assist metalation in a non-regiospecific fashion. These results neither require nor exclude the existence of pre-equilibrium complexes and aggregates. Whereas 5 (M = Li) is stable at room temperature, a fast Li-K permutation may allow the equilibrium between 5 and 8 to be effective. [41] DreM-nucleophilic cyclization under reversible metalation conditions. Example of N,N-dialkylbiphenyl-2-carboxamide and amide base: Another example of optional site selectivity was reported on N,N-diethyl-2-biphenylcarboxamide 12 (Scheme 5). Metalation of 12 with sBuLi/TMEDA in THF at -78 °C occurs at the ortho position (DoM, via CIPE). [34a, 34b] In contrast, subjection of 12 to LDA at 0 °C to RT yields fluorenone 7 (DreM). [31, 35a] In this case, the mild amide base reversibly metalates the substrate allowing for series of equilibria between lithiated species during the reaction. [42] Scheme 5. Metalations of 2-biphenylcarboxamide (12) with lithium bases. [22, 34a, 34b, 36] Isotope labelling experiments indicated that LDA metalation of 12 is non-regioselective, [36] with metalation at the ortho position being favored in accordance with the CIPE model. When LDA and TMSCl were premixed in THF solution (-78 °C) prior to addition of 12 (ISQ), 14 was formed exclusively (65%, Scheme 6). This suggests kinetic control predominates over thermodynamic acidity of C-3H compared to C-2′H in 12. Ortho-lithiated species 13, formed by reaction of 12 with sBuLi/TMEDA (2.2 equiv.) at -78 °C, is stable when allowed to warm to room temperature and does not equilibrate with 15 in the absence of some other contributor. However, addition of 0.1 equiv. of diisopropylamine to 13 followed by hydrolysis yields fluorenone 7 in 30 % yield.
A mechanism for DreM-cyclization of 12 was proposed based on experimental data (e.g. isotope labelling) (Scheme 6). [39] It involves an initial amide-base complexation and equilibrium formation of complex C, which reacts fast with an in situ electrophile (Me 3 SiCl) to afford 14. This rapid reaction prevents equilibration of 12 with 15 at temperatures below -30 °C. Above -30 °C however, when generated with an amide base, 13 does undergo undergoes equilibration via 12 to 15 (likely formed in traces amount only) which rapidly cyclizes to a stable tetrahedral carbinolamine oxide 16. Upon hydrolysis 16 affords fluorenone. The fast irreversible nucleophilic cyclization step drives equilibrations towards the formation of fluorenone-precursor 16 only. The flexibility of the substrate structure, allowing for intramolecular cyclization, is an important feature that permits DreM reactivity. The driving forces for remote metalation of 12 (ISQ) are potentially significantly different from the ones described for substrate 4 (Schemes 3 and 4). The nature of the base, either reversibly or irreversibly metalating reactants, leads to alterations of mechanisms and reaction condition requirements. [36] Strong indirect experimental evidence suggests the carbinolamine oxide 16 is the stable organometallic species prior to hydrolysis. [36] Corroborative support for carbinol amine intermediates most likely existing as dimers or larger complexed species is inferred by a qualitative IR spectrometric study on DreM of a related biaryl 2-amide (Scheme 7). [43] 
Reaction Paramaters for DreM with Intramolecular Quench
The influence of coordination properties and steric hindrance at the DMG, conformation constraints in the molecule, acidity of hydrogens at positions remote from DMG, and temperature in DreM transformations are discussed below. An analysis of these variables offers guidance for the selection of reaction conditions for optimum DreM efficiencies.
Activating properties of DMG:
Various electrophilic DMGs on flexible biaryl substrates are suitable for efficient DreMintramolecular quench sequences. The efficiency of a DMG to promote remote metalation relies on an intimate combination of electrophilic, Lewis basic, and acidifying properties along with suitable the conformation of the molecule. Strong coordinating properties of a directing group do not guarantee effective remote metalation directing suitability. For example, 2-biphenylcarboxamides and 2-biphenylcarbamates undergo efficient DreM under mild conditions when mixed with LDA. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] In contrast, 2-biphenyloxazoline fails to metalate at the remote position using LDA with the oxazoline moiety being a good Lewis base but weaker electrophile. The carboxylate group is a better electrophile but weaker Lewis base than the amide group however 2-biphenylcarboxylic acid does not cyclize under LDA conditions. [35a] Carbamates and amides show better directing group efficiencies towards remote metalation under mild conditions presumably by achieving better remote activation through formation of complexes and long range acidification effects as already observed in DoM.
[1-2, 3b] Steric hindrance at the DMG: Steric hindrance at the DMG is detrimental to the efficiency of DreM-intramolecular quench. [22, 44] Steric hindrance may lead to conformational constraints which cause the coordinating electrophilic DMGs to be distal from the remote position, [44b] thus disfavoring any CIPE and making intramolecular electrophilic quench difficult. To date, a remote anion has yet to be trapped by an external electrophile when intramolecular substitutions are disfavored by steric hindrance. Such observation is consistent with mechanisms where remote metalations at traces amount are followed with intramolecular irreversible rapid quench driving equilibria towards the efficient formation of products.
Conformational constraints:
The importance of conformational constraints was highlighted in a synthesis of kinobscurinone, [45] which involved a mixture of two stable atropisomers 20 A/B separable by chromatography ( Figure 6 ). When the isomeric (1:1) A/B mixture was treated with LDA (6 equiv.) at room temperature, only A was converted into the cyclized product. Competitive unknown side reaction(s) precluded a more efficient conversion of B into fluorenone by A/B equilibration. At lower temperatures the reaction did not proceed at significant rates while at 45 °C poor yields (38%) of fluorenone were obtained with no recovery of 20. The authors invoked the CIPE model and cited restricted arylamide bond rotation. The isomer A-LDA complex leads to productive metalation and cyclization while isomer B-complex cannot achieve the transition state for analogous deprotonation. The rate of equilibration of B or its LDA complex with the equivalent species of isomer A must then be slow relative to their decomposition pathways, thus precluding higher conversion into the cyclized product.
As an alternative explanation, we propose that a remote anionic species of B, formed in traces amount only, could fail to efficiently cyclize due to conformational constraints, thus depriving the DreM-cyclization process from its in situ quench driving force. [45] Acidity of remote hydrogens: The thermodynamic acidities of remote hydrogens influence the regioselectivity of DreM. Remote hydrogens can be acidified via inductive effects and by coordination of metal bases with proximal substituents. [22, 46] Acidified remote positions are metalated preferentially, affording regioselective transformations often complementary those observed for Friedel-Crafts reactivity. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Heteroatom bridged arenes, where an atom or a group of atoms (SO 2 , [47] O, [23i, 44a] P(O)Ar, [48] NR, [23a, 23h, 44] CO, [49] ) separates the two aromatic rings, have served as suitable metalation substrates for the synthesis of many heterocyclic structures. [50] To illustrate thermodynamic acidity effects in DreM, 6-chloro-3'-methoxy-2-biphenylcarboxylic acid 21 gives 1-methoxy-5-chlorofluoren-9-one 22 as the sole product upon treatment with LDA (Scheme 8). [51] In contrast, 6-chloro-2-biphenylcarboxylic acid 23 does not cyclize under these conditions. A stronger base, LiCKOR, in benzene at 60 °C is necessary to afford 5-chlorofluoren-9-one 24 (39%) via metalation at C2'. Scheme 8. DreM-cyclization on 6-chloro-2-biphenylcarboxylic acids (Mortier et al., [50] In Scheme 9, azabiaryls were treated with LDA to form azafluorenones. [43] These products result from metalation on the phenyl ring rather than the more acidic pyridine ring. Small equilibrium concentrations of the lithiated species at C2' and C2 are generated, the reaction is driven by an irreversible intramolecular nucleophilic cyclization and by the activating effects of remote substituents.
2008)
Scheme 9. DreM-cyclization to azafluorenones (Snieckus et al., 2007) [43] The presence of heteroatoms in the substrates offers further opportunities for alternate metalation sites. Lower yields of DreM-nucleophilic cyclization are obtained when substituents cause side reactions and tuning of reaction conditions is required. [47] [48] Temperature: Most DreM with intramolecular quench reactions take place at temperatures above -50 °C. [20-33, [25, 45, [47] [48] 53] The studies on metalation of N,N-diisopropyl-2-(4-chloro-2-pyridyl)benzamide 25 and derivatives (Scheme 10) highlight the influence of temperature on the kinetics of nucleophilic cyclization. [54] At -75 °C, LTMP in THF promotes the regioselective metalation of 25 at C5' only. This is a position far from the carbonyl function but proximal to the chlorine substituent. Deuterium incorporation occurs quantitatively at C5' only. Despite strong coordinating ability of the carbonyl DMG, the metalation is directed by the chlorine substituent which acidifies the hydrogens at C3' and C5' of 25 and exerts a stabilizing effect on the corresponding lithio-derivative.
Position C5' was determined to have the more acidic hydrogen by molecular simulations. Steric hindrance to metalate C3' position was also invoked to account for the observed regioselectivity. When the reaction is warmed up, equilibrations between C3' and C5' lithiated pyridines 28 and 29 are shifted towards the 3'-lithiated (-50 °C). The amide group acts as an irreversible in situ trap for the 3'-lithiated pyridine to form the respective azafluorenone 27 along with C5' deuterated product after deuteriolysis. Through thermodynamic control, the carbonyl group irreversibly traps the metalated species at C3' which shifts equilibrium towards the formation of cyclized product 27.
The reaction mechanism of this transformation is significantly different from the one described for the biphenyl-2-carboxylic acid and carboxamide described earlier (see Schemes 3-6). We propose the terminology "Directed isomerization of preformed remote anions" to describe these transformation where the initial metalation is independent from any remote unit. [54] Migrating DMG: Remote Anionic Fries Rearrangement Electrophilic DMG with migrating abilities can translocate onto metalated sites thereby reacting via remote anionic Fries rearrangements (Scheme 11). [25, 45, [47] [48] 53] On carbamate 2-substituted biaryl structures, carbamoyl units migrate to the kinetically favored metalation sites.
The ortho positions systematically need protection to enable remote anionic Fries rearrangement. Remote metalation of these structures with lithium amides follows an unfavorable equilibrium with the pKa of amide bases often being lower than pKa of remote hydrogens. Attempts to trap remote anions 30 with external electrophiles have failed. A lack of measurable build-up of remote anionic species indicates a rate-limiting remote metalation followed by a rapid Fries rearrangement. The irreversible carbamoyl translocation onto a remote anionic position likely drives the lithiation equilibrium towards the rearranged Fries product 31 following Le Châtelier's principle. [53, 55] Additional activation of the remote position with proximal substituents proves beneficial for control of the regioselectivity of metalation. Tandem remote anionic Fries followed by anionic Friedel-Crafts acylation were reported as a one-pot process to form compounds 32.
[23b, 23f, 26] DreM-DMG translocation sequence was used in concert with DoM and cross coupling chemistry to synthesize dibenzopyranones, [23c, 23i, 30, 53a] defucogilvocarcin V [27] , [26] and plicadin. [29] Treatment of Ncarbamoylindoles 34 with LDA provided a general route to functionalized 2-arylindoles, benzo [a] carbazoles and indeno[1,2-b]indoles. [48] Scheme 11. Remote Anionic Fries rearrangement (Snieckus et al., 1994, 2008) [53] 
Remote Tolyl Groups: Remote Lateral MetalationsNucleophilic Cyclizations
Directed remote lateral metalations with nucleophilic cyclizations are reported to occur on flexible biaryl substrates bearing tolyl groups at position remote from electrophilic DMG. An early example was reported by Fouche and Leger: N-alkyl-N-(otolyl)anthranilic esters 37 react with lithium diethylamide to form dihydro-10,11-dibenzo[b,f]azepines 38 (Scheme 12).
[52] Directed remote lateral metalation and annulation was later described for various systems using oximes ethers, hydrazones, nitriles, amides as directing groups, [27] and were successfully applied to the synthesis of 9-aminophenanthrenes, [27, 31] 9-phenanthrols, [56] antiepileptic drug trileptal, [44b] eupolauramine [31] , [30] β-lapachone, [28] among other examples.
[23g, 32, 53a] The pKa of amide bases is lower than pKa of 4-methylbiphenyl methyl hydrogen (>40.2). [57] Metalation of the remote lateral position was initially explained through CIPE, and is likely favored by ISQ. [58] Scheme 12. Directed lateral metalation-nucleophilic cyclizations on N-bridged biarylic structures (Fouche and Leger, 1972) [52] When competition between remote aromatic metalation and remote lateral metalation is possible (Scheme 13), the outcome is difficult to predict.
[44] Scheme 13. Competition between remote aromatic metalation-nucleophilic cyclization and remote lateral metalation-nucleophilic cyclization.
Diarylamides substituted at position 2 by electrophilic DMGs usually undergo lateral remote metalation-cyclization reactions in the presence of lithium bases to form dibenzoazepinones. For example, treatment of diarylamides 39, 40 and 41 with 2-4 equiv. of LDA in THF at 0 °C yields dibenzoazepinone 42 preferentially with good selectivities (Scheme 14). The selectivity depends on the steric hindrance at the DMG. The activation of the remote aromatic ring position with proximal substituents (OMe, Cl) can sometimes allow a remote ring metalation-cyclization process to compete to give acridones. In such cases, tuning of reaction conditions is necessary to achieve selective transformations. [24, 44a] Scheme 14. Directed Lateral remote metalation on N-[23h, 44a, 52] and O-bridged [24, 44a] biarylamides In contrast to the good regioselectivity observed for product formation in the dibenzo [b,f] azepinone series, LDA-mediated cyclization of diphenyl ether 44 resulted in a reproducible equimolar mixture of dibenzo [b, f ]oxepinone 45 and xanthone 46 (0 °C to rt, Scheme 14). Treatment of 44 with LDA at -78 °C followed by warming to room temperature showed some selectivity for formation of dibenzo [b,f] oxepinones (45/46 ≈ 2). The oxygen bridge of diarylether 44 inductively activates remote ring positions. [59] Reduced temperatures are required in order to achieve lateral metalation on such reactants. Aromatic ring metalations are favored over lateral metalation through a collaborative effect of a second proximal activating group. [24, 44a] To gain insights into the driving forces for those transformations, DFT calculations were used to help rationalize the selectivities of formation of cyclized products by remote lateral metalation-nucleophilic cyclization for substrates 40 and 44. [44a] The lateral metalation products, 42 and 45, were calculated to be thermodynamically unfavourable as these were less stable than 43 and 46. The significance of other results obtained by DFT calculations of low energy conformation of intermediate structures leading to the cyclized products was unclear. The data seemed to indicate that the rate constant of cyclization would likely supersede conformation criteria during the reactions.
Optional Site Selectivity in DreM
When different regioisomers of a product can be formed, the choice of DMG is critical for regioselective reactivity. For some systems, it has been possible to switch regioselectivities of remote metalation by changing DMGs.
2-(Pyridin-2-yl) and 2-(pyridin-4-yl) benzoic acids 47 and 49 afford azafluorenones 5H-indeno[1,2-b]pyridin-5-one 48 and 9H-indeno[2,1-c]-pyridin-9-one 50 by treatment with LDA or LTMP in THF at RT (Scheme 15). [60] The formation of azafluorenones likely follows a mechanism similar to DreM of 2-biphenylcarboxamide 12 (see Scheme 6). [36] Scheme 15. DreM-cyclization on 2-(pyridin-2-yl) and 2-(pyridin-4-yl) benzoic acids 47 and 49 (Mongin et al., 2003) [60] A dramatic change of regioselectivity occurs during the DreM-cyclization of 2-(pyridin-3-yl)benzoic acid derivatives 51a-c with lithium bases. Formation of either of the two azafluorenone isomers with complete regiocontrol can be achieved by altering the choice of DMG (Scheme 16). In 2-(pyridin-3-yl)benzoic acid derivatives 51a-c, the pyridine nitrogen pyridine and Lewis basic DMG compete for coordination with the lithium base. The DMG and the pyridine nitrogen are too far apart to ensure double complexation with the base. [61] As the DMG changes from CO 2 Et to CO 2 Li and CONEt 2 , the coordinating properties of the DMG are altered. This potentially modifies the preferential coordination site for lithium bases and also affects the activation of remote hydrogens through both complexation and electronic effects. Ester-LDA complexes are unlikely, [15b, 15c, 62] thus coordination of the base to the pyridine nitrogen is likely for 2-(pyridin-3-yl)benzoic ester 51c. The preferential coordination site for the two other reactants is unclear. In each case, the carbonyl derived DMG is expected to direct metalations at ortho position and/or at C2' and C4'. Potential cumulative effects of nitrogen and carbonyl directing groups may explain metalations of remote positions. Importantly, the DMGs have varying electrophilicity. Thus switching DMGs strongly affects the kinetics of the critical step of nucleophilic cyclization.
When DMG is CO 2 Et (strong electrophile, 51c), complexation of the base with the nitrogen of the pyridine likely directs the formation of the kinetic anion 52c which is destabilized by electronic repulsion between the carbanion and the lone-pair of the azine nitrogen. Species 52c does not have a long-enough lifetime to isomerize to the thermodynamically more stable (less basic) 4'-pyridyllithium 53c and therefore cyclizes rapidly to give monolithium salt 54c leading to azafluorenone 56 as a sole product after hydrolysis.
CONi-Pr 2 , a stronger Lewis base, competes with the pyridine nitrogen for coordination. It also is a weak electrophile in comparison to an ester. The azafluorenone 57 is obtained with complete regiocontrol and high yield. Isomerization of a potentially formed kinetic C2' pyridine anion 52b to a more thermodynamically stable C4' anion 53b may take place before cyclization (kinetically slower cyclization). Complexation of the base to the amide followed by metalation at the most acidic remote hydrogen position is also possible. [63] Carboxylate 51a displays a reactivity pattern intermediate between the two previous limiting cases. From compound 51a, both azafluorenones 56 and 57 are formed. Cyclizations of the remote carbanions 52 and 53 give cyclic salts 54 and 55 that are more thermodynamically stable than an ortho carbanion.
DreM followed by nucleophilic cyclizations of benzoic acid derivatives 51 are dictated through a combination of factors such as: the acidity of the remote hydrogens, the ability of the directing group to interact with the lithium base towards the formation of a favorable low-energy transition state, activating remote metalation, electrophilicity of DMG, and thermodynamic versus kinetic considerations. None of these parameters should be considered independently. Notably, no DreM is observed when carbonyl derived directing groups are replaced by non-electrophilic OMe units on structures 47, 49 and 51 (Scheme 17). DoM at the anisole ring and/or at the pyridine ring occurs on 58 without further isomerization. [64] Scheme 17. Lithiation of anisylpyridines (Fort et al., 2005) [64] 
DreM with Quench by External Electrophiles
Quench of remote anions with external electrophiles has been reported for non-electrophilic coordinating DMG, and for structurally rigid substrates that do not allow for intramolecular quench by remote electrophilic non-migrating DMGs (Figure 2 , C and D). Few examples of quench of anions remote from DMGs using external electrophiles are reported. Presumably, hydrogens at positions remote from DMGs are less activated through inductive effects and any driving force brought by intramolecular quench of remote anion with electrophilic DMGs (ISQ technique) is absent, thus making abstraction of remote hydrogens challenging. This is in accordance with a nucleophilic cyclization step being a significant driving force in some DreMintramolecular quench sequences. The use of alkyl lithium bases that favour the formation of clusters is the norm for DreM using non-electrophilic DMGs. To date, no mild conditions (i.e.-78 °C) have been reported to generate remote anions quenchable by external electrophiles.
The following sections unravel the mechanisms and driving forces of DreM followed by quench with external electrophiles.
DreM on Rigid Substrates with Electrophilic Non-Migrating DMG
When electrophilic coordinating and non-migrating DMGs are present on rigid substrates, the lack of flexibility does not allow for intramolecular quench of remote anions by DMG. In such cases, quench by external electrophiles of remote metalated species becomes possible. Regioselective directed metalation of dibenzodioxin-1-carboxylic acid 60 at the C9 position was achieved by treatment of t-butyllithium (2 equiv. at -78 °C, Scheme 18). [65] Trapping of the metalated species with various electrophiles afforded good yields of 9-substituted products 61 only. Amide bases were not effective in these transformations. Dibenzodioxin itself is not metalated at -78 °C. Activation and remote direction of metalation at C9 by the initially formed ArCO 2 Li group was confirmed with experimental evidence.
Scheme 18. DreM of dibenzodioxin-1-carboxylic acid 60 (Palmer et al., 1990 ) [65] Remote metalation from a carboxylate unit was also observed on the related phenoxathiin ring system 62 by treatment with tbutyllithium at -78 °C (Scheme 19). [65] Under the same reaction conditions, the isomeric 1-carboxylic acid 64 failed to react yielding only recovered starting material, presumably due to the reduced ability of sulphur compared with oxygen to activate its ortho position. Mechanistically, both the inductive acidifying effect of the oxygen bridge and the anchoring effect of the carboxylate group work in concert to bring about the regiospecific remote metalation. [65] Can Addition of External Electrophiles Initiate Remote Metalation?
Much is known about the structures of lithium alkyls and amides but less is known about how they react and the nature of the lithiated species produced prior to workup of metalations. In the case of directed metalation, lithiated species are usually not characterized directly because of their high reactivity and instability and their expected aggregation and solvation making direct analysis complicated. Anions from metalation are trapped with electrophiles and the efficiency of formation of quenched products is used as indirect evidence to extrapolate prior efficiency of regioselective metalation. Such interpretation can sometimes be sometimes misleading. For example, it does not apply to reactions using ISQ techniques, where high yields of substituted products are obtained even though only trace amounts of metalation occur. The reaction of dibenzodioxin 65 at -30 °C with t-butyllithium (2 equiv.) followed by quench with CO 2 and esterification gives the 1,9-diester from 61a (69%). This suggests that a 1,9-dianion might be generated (Scheme 20). [65] However, when quenched with iodomethane or dimethylformamide, only 1-substituted dibenzodioxins 68 are isolated, indicating that at this temperature only monometalation occurs to any appreciable extent. Apparently, in the special case of quenching with CO 2 the initially formed 1-carboxylate salt is able to direct a subsequent remote metalation at the 9-position during the quench. Mechanistically, the kinetics of competitive reactions between the electrophiles and the metalated species and mixed aggregates during the addition could lead to formation of the DreM products. The electrophile could have faster reaction kinetics with mixed aggregates than with nBuLi in solution. Thus, remote metalation would be initiated by addition of the electrophile. Analogous metalations initiated by addition of electrophiles were reported on other structures.
[66] Scheme 20. Electrophile mediated metalation of dibenzodioxin (65) with tBuLi.
(Palmer et al., 1990) [65] DreM with a Non-Electrophilic Amino DMG DreM of biarylamines assisted by an amino group were first reported in the 1960s (Scheme 21). [19] In the presence of 4.5 equivalents of n-butyllithium at room temperature in diethylether, metalations of 2-aminobiphenyls 69 at C2' on the phenyl ring followed by quench with dimethylformamide or carbon dioxide led to the formation of cyclic products in moderate yields. [19] This methodology was applied to the synthesis of phenanthridines 71 and phenanthridones
72.
The syntheses of dibenzo [b,f] [1,4]oxazepine 75a and dibenzo [b,f] [1,4]thiazepine 75b were described with C,N-dilithiation of 2-biarylamines being the key step. Notably when X = NH, 1-phenylbenzimidazole 76 was formed by N-formylation instead of C-formylation. [67] Recent improvements have been made in the metalation of metalate substrates 73 at remote positions using 2 equivalents of nbutyllithium/TMEDA in hexane (Scheme 21). [68] Under such conditions, lithiation of 2-amino diphenylether 73a proceeds rapidly with high regioselectivity. Upon quenching with excess iodomethane, C,N-dimethylated product 78a is formed in 93% yield (Scheme 21).
[68a] Similarly, the di-lithiation of o-amino diphenylsulfone 73d in THF affords the C,N-dimethylated product 78b. Other examples include the formation of 11-pyridyldibenzo [b, [19, 67] (Ogle et al., 1997, 1998) [68] Further mechanistic insights to account for DreM directed by the amino group were obtained by a combination of NMR and Xray analyses. [69] N,N-dilithiobiphenylamine crystallizes as a cluster containing five RNLi 2 units and NMR studies show aggregations in solution. Alkyllithium bases, prone to forming clusters, are necessary to achieve DreM. Milder conditions using lithium amides proved inefficient to metalate remote positions remote. Coordination of an alkyl lithium to the amino anchor acting as ligand may preclude a subsequent remote metalation analogously to the manner in which an amino group directs exclusive perilithiation on 1-aminonaphtalene and on various dibenzophenothiazines with no trace of ortho metalation.
[7] The regioselectivity of metalation may be linked to the thermodynamic stability of the anions and aggregates formed. [70] 
Isomerization of Preformed Anions Controlled by Remote Non Electrophilic Substituents
Isomerization of preformed anionic species assisted by a Lewis basic remote unit is included under DreM terminology. A substituent directs the isomerization of a preformed carbanion by stabilizing one of the remote metalated isomers through complexation. The DMG does not cause the initial lithiation. We propose the terminology: "directed isomerization of remote anion", to describe this type of transformation. This reactivity was observed with 2,2-dimethyl-N-pyridylphenylpropanamides (Schemes 22 and 23). [71] Lithiation of 2,2-dimethyl-N-[2-(2-pyridyl)phenyl]propanamide 79 occurs at C6' with in situ quench by LTMP/SiMe 3 Cl (Scheme 22). Complexation of the lithium base to the pyridine nitrogen most likely favors a kinetic mechanism over an acid-base mechanism which would promote the abstraction of the most acidic H4' hydrogen. [71] When lithiation of 79 with LTMP was quenched with a deuterium source at room temperature, a mixture of deuterated isomers 81, 82, 83 was observed.
Under reversible lithiation conditions, isomerization of the initially-formed 6-lithiopyridine to more stable derivatives at C3' (stabilization through complexation of the metal with the DMG at remote position) and at C4' or C5' (reduction of electronic repulsion between the carbanion and the lone pair of the azine nitrogen) was observed. [71] Directed remote isomerization is more apparent on 2,2-dimethyl-N-[2-(3-pyridyl)phenyl]propanamide 84 (Scheme 23). Metalation occurs at C6' and C2' using in situ quenching with LTMP/Me 3 SiCl (85/86, 66:34). Complexation of the lithium to the pyridine nitrogen probably favors a kinetic mechanism. When deuteriolysis was conducted after 2 hours at 0 °C, only deuterated product at C4' was isolated (87, 50% deuterium incorporation, 70% yield). Under thermodynamic control using reversible lithiation conditions, isomerization of the initially formed lithiopyridines 88 and 91 to the more stable derivative 90 (stabilization through complexation of the metal with the remote DMG) through a series of equilibria is observed. [71] 
Summary and Outlook
The synthetic utility of directed remote aromatic metalation (DreM) is an outcome of good reaction yields and unique reactivity that can be complementarity to Friedel-Crafts transformations. The increasingly widespread use of DreM is, in large part, a result of extensive development efforts in the Snieckus laboratory. CIPE can be considered a useful predicative model but, given the examples presented above, it should not be considered a complete and systematic explanation for directed metalation reactivity without additional mechanistic investigation. Detailed mechanistic studies of organolithium reactions as discussed in this review can contribute to identify potentiallymisleading models for rationalizing regioselectivity and product distributions.
Further insight into DreM mechanisms with increased accuracy will continue allow for new regioselective and efficient syntheses. Continued development and will enable a foundation for intelligent design of new transformations just as the DoM methodology did for C-H bond activations using transition metals.
